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Quantitative Analysis of Microtubule Transport
in Growing Nerve Processes
thetic neurons, and it has been suggested that these
structures represent individual MTs [11].
To test the polymer transport model, we took advan-
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M/C 901 tage of the ability of EB1, a protein implicated in the
regulation of MT assembly/disassembly and membraneUniversity of Illinois at Chicago
835 South Wolcott Avenue trafficking along MTs, to highlight the ends of growing
MTs [12]. The polymer transport model predicts rapidChicago, Illinois 60612
(with a rate similar to that of fast axonal transport) asyn-
chronous movement of a small number of MTs in the
axonal shaft. The plus ends of these MTs are expectedSummary
to be directed toward the growth cone [13] and undergo
cycles of assembly/disassembly [14]. Fast transportIn neurons, tubulin is synthesized primarily in the cell
body [1], whereas the molecular machinery for neurite that is superimposed on the elongation of MTs should
lead to a rapid anterograde movement of MT plusextension and elaboration of microtubule (MT) array
is localized to the growth cone region. This unique ends. Such movement, visualized with GFP-EB1, would
directly confirm the polymer transport model.functional and biochemical compartmentalization of
neuronal cells requires transport mechanisms for the To detect growing MT plus ends, we expressed GFP-
EB1 in neuronal cultures of Xenopus embryos. In bothdelivery of newly synthesized tubulin and other cyto-
plasmic components from the cell body to the growing neurons and nonneuronal cells, we detected fluorescent
“comets” with bright fronts and progressively dimmeraxon. According to the polymer transport model, tu-
bulin is transported along the axon as a polymer. Be- “tails” (Figures 1A–1C). In nonneuronal cells, such com-
ets represent the plus ends of individual growing MTs.cause the majority of axonal MTs are stationary at any
given moment [2], it has been assumed that only a In agreement with this idea, in the majority of fibroblast-
like cells present in Xenopus embryo cultures, we ob-small fraction of MTs translocates along the axon by
saltatory movement reminiscent of the fast axonal served a characteristic centrosomal pattern of comet
distribution (Figure 1C). In neurons, GFP-EB1 cometstransport. Such intermittent “stop and go” MT trans-
port has been difficult to detect or to exclude by using were distributed throughout the entire axonal length,
with a significantly higher number of comets at the distaldirect video microscopy methods. In this study, we
measured the translocation of MT plus ends in the axon (Figure 1D). Taxol inhibition of MT assembly re-
sulted in a rapid disappearance of EB1 puncta (Figuresaxonal shaft by expressing GFP-EB1 in Xenopus em-
bryo neurons in culture. Formal quantitative analysis 1E and 1F). To directly confirm that EB1 fluorescent
comets associate with growing MT ends in Xenopusof MT assembly/disassembly indicated that none of
the MTs in the axonal shaft were rapidly transported. neurons, we coexpressed GFP-tubulin and GFP-EB1 in
neurons and visualized MT assembly/disassembly at theOur results suggest that transport of axonal MTs is
not required for delivery of newly synthesized tubulin growth cone region. As expected, the ends of growing
MTs were decorated with EB1 comets, and shorteningto the growing nerve processes.
or pausing MTs were labeled uniformly (Figure S1 and
Movie 1, in the Supplemental Data available with thisResults and Discussion
article online).
To investigate whether expression of GFP-EB1 inter-Tubulin can be delivered to the axon from the cell body
either in the form of microtubules (MTs) or in the form feres with MT assembly/disassembly, we measured the
parameters of MT dynamic instability [15] at the growthof dimers/short oligomers. Initially it had been proposed
that tubulin was transported in the form of crosslinked cone region of neurons expressing GFP-tubulin or both
GFP-EB1 and GFP-tubulin. In addition, in neurons ex-MTs (“coherent transport model” [3, 4]). This idea, how-
pressing GFP-EB1 alone, we measured the average rateever, has been firmly rejected as a result of photobleach-
of GFP-EB1 comet movement (which reflects the rateing [5], photoactivation [6], and fluorescence speckle
of MT elongation) and the average lifetime of a comet,microscopy [7] experiments. Recently, it has been found
a measure of MT growth phase. In all three experimentalthat neurofilaments can be transported along the axon
conditions, both the MT growth rates and the averagein assembled form [8]. The movements were rapid, tran-
duration of the MT growth phase were similar (Table 1).sient, and interrupted by prolonged pauses. The ob-
Therefore, at the expression levels used in this study,served translocation of neurofilaments has led to the
exogenous GFP-EB1 associated with the growing plussuggestion that rapid and asynchronous movement of
ends of MTs in Xenopus neurons and did not interfereMTs may be the basis of slow axonal transport of tubulin
with MT assembly/disassembly.[4, 9, 10]. In agreement with this idea, rapid, intermittent
To measure the rates of GFP-EB1 comet movement,transport of short (1–4 m) tubule-like structures con-
we imaged transfected neurons at 1–3 s intervals for ataining tubulin has been detected in the axons of sympa-
period of 2–10 min. Consistent with previously reported
uniform polarity of axonal MTs, the majority of comets*Correspondence: spopov@uic.edu
2These authors contributed equally to this work. moved toward the growth cone (Figures 2A and 2B).
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Figure 1. Visualization of GFP-EB1 Comets in Xenopus Embryo Cell Cultures
(A–C) Fluorescence images of neuronal (A and B) and fibroblast-like (C) cells expressing GFP-EB1. In fibroblasts, the majority of GFP-EB1
dashes originate at the MT-organizing center (marked with an arrow). Boxed regions containing single comets are shown at higher magnification
at the lower right corner of each panel. The comets have a characteristic shape with a bright front and progressively dimmer tail. In neurons,
comets can be detected in the proximal axon (A) as well as along the axonal shaft (A and B). The number of comets is higher in the vicinity
of the growth cone (B).
(D) Distribution of GFP-EB1 comets along the length of the axon. Axons chosen for analysis were 500–600 m in length. Each axon was
divided into 10 equal segments, and the number of EB1 comets was determined for each segment. Points 0 and 1 on the x axis correspond
to the cell body and the growth cone regions, respectively. Data are presented as mean  SEM for 10 different axons.
(E and F) Fluorescence images of the distal axon of a neuron expressing GFP-EB1 before (E) and 3 min after (F) superfusion with 100 nM
taxol. GFP-EB1 comets are clearly visible in control conditions (E). No GFP-EB1 comets can be detected after taxol treatment (F). The scale
bar represents 5 m.
Some of the GFP-EB1 comets, however, moved in the comet movement demonstrated few temporal variations
(Figure 2C), and the movement of comets along the axonretrograde direction, thereby suggesting that the plus
ends of corresponding MTs were directed toward the could be approximated with a linear function.
The average rate of anterograde comet movementcell body (Movie 2). The fraction of these plus-end-proxi-
mal MTs was unexpectedly high (35 out of 187 comets was 13.9  3.7 m/min (mean  SEM; data from 774
comets in 103 neurons). The highest velocity was 25.1analyzed, or about 18%). The instantaneous rates of
Table 1. Dynamic Behavior of Microtubules at the Growth Cones
Catastrophe Rescue Shortening The number
Frequency Frequency Growth Rate Rate Growth Shortening of MTs
(1/min) (1/min) (m/min) (m/min) Duration(s) Duration(s) Analyzed
GFP-tub 2.10 3.48 9.80  0.47 16.31  2.85 24.11  2.23 17.79  1.41 28
GFP-EB1 GFP-tub 2.22 3.00 8.72  0.44 15.00  0.74 25.89  3.01 16.50  1.40 44
GFP-EB1   10.22  0.50  27.50  2.83  52
Rho-tuba 0.72  10.5  1.9 9.7  2.2   
Rho-tubb 1.21 1.44 7.14  0.33 11.75  0.55   
Values are expressed as mean  SEM. The differences in the growth rates and in the growth duration between neurons expressing GFP-
tubulin, GFP-EB1  GFP-tubulin, and GFP-EB1 were not statistically significant.
a Xenopus neurons [17].
b Aplysia bag cell neurons [18].
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Figure 2. Visualization of MT Assembly in the Axonal Shaft of Xenopus Neurons
(A) Fluorescence micrograph of a GFP-EB1-expressing neuron. The distal axon is at the left of the micrograph. The scale bar represents 5
m.
(B) Kymograph of the boxed region in (A). Both anterograde (downward displacement) and retrograde (upward displacement) movement of
GFP-EB1 comets is observed.
(C) Displacement of 14 randomly chosen EB1 comets along the axon versus time. Images were acquired at 3 s intervals. Movement in the
anterograde direction is considered positive. In all cases the movement can be fitted with a linear function.
(D and E) Velocity distribution of comets moving in the anterograde (D) and retrograde (E) direction in the axonal shaft of Xenopus neurons.
For each comet, the average velocity was calculated for a 9 s interval. The data were fitted with a normal distribution function. The average
rates of comet movement are 13.9  3.7 and 13.9  3.2 and the highest velocities are 25.1 m/min and 26.3 m/min for plus-end-distal
(anterograde movement) and plus-end-proximal (retrograde comet movement) MTs, respectively.
m/min; 46 out of 774 comets (about 6%) moved at a (13.9 3.2 m/min, n 221) was not different from that
of anterograde movement. Again, a small fraction ofrate higher than 20 m/min. None of the comets moved
at a rate comparable to that of fast axonal transport comets (9 out of 221, or about 4%) moved at a rate
higher than 20 m/min; the highest velocity was 26.3(about 180 m/min in Xenopus neurons [16]). The ob-
served rates of MT plus-end movement are consistent m/min. Results of these experiments indicate that none
of the growing MTs are rapidly transported along thewith those reported for MT growth in neurons [17–19].
The distribution of comet velocities was normal (Figure axon. Moreover, similar rates of EB1 comet movement
in retrograde and anterograde directions suggest that2D), which argues against a model in which a small
fraction of growing plus ends is kinetically different from the whole MT array remains stationary.
Although a large body of experimental evidence indi-the entire MT population. This conclusion was sup-
ported by the analysis of retrograde comet translocation cates that transported MTs grow and shorten during
their movement [2, 20–23], it is possible that some of(Figure 2E); the average rate of retrograde movement
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Figure 3. Fast Axonal Transport of Tubulin-Containing Structures in Growing Neurons
(A) Fluorescence micrograph of an axon after photobleaching. The size of the bleached zone was approximately 5 m. The area chosen for
photobleaching was flat, facilitating detection of transported structures. The first image was acquired immediately after photobleaching. Time
after photobleaching is noted in seconds at the upper left corner of each panel. Elongated fluorescence structures (tubulin “parcels”) are
transported through the bleached zone in an anterograde direction. The leading and the trailing edges of one of the parcels are marked with
arrows and an arrowhead, respectively. The scale bar represents 5 m.
(B) The velocity distribution of tubulin parcels transported in the anterograde direction. Measurements of the rate of movement were made
by determination of the displacement of the tubulin parcels for a period of 1 s. The average anterograde velocity was 1.69  0.05 m/min
(data from 26 tubulin parcels in seven different neurons). The peak velocity was 2.46  0.14 m/min.
(C) Tubulin-expressing neuron before (top) and 22 s after photobleaching (middle and lower images). The images after photobleaching are
identical. However, the digital contrast in the lower image was digitally enhanced to facilitate detection of a tubulin parcel. The middle image was
processed identical to the top one. The parcel cannot be detected without digital enhancement, which indicates that its fluorescenceintensity is
significantly lower than that of individual MTs. The graph on the right represents quantitative analysis of the data. The open bar
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the axonal MTs are stabilized at their plus ends. Such photobleaching. Second, short MTs are stiff [26], and
they are therefore expected to remain straight duringMTs would not be detected in our assay. However, since
the average length of MTs in Xenopus neurons [7] and transport. Finally, the polymer transport model predicts
that short MTs are transported by dynein along a station-in other neuronal types [24, 25] is on the order of 100
m, nascent MTs in the vicinity of the cell body should ary substrate that is distinct from MTs [9].
To test these predictions, we took advantage of ourdisplay periods of assembly. According to the polymer
transport model, some of these growing MTs should be ability to detect individual fluorescently labeled MTs in
the axonal shaft of Xenopus neurons. First, we com-transported in the anterograde direction. To test this
prediction, we performed time-lapse fluorescence mi- pared the fluorescence intensity of transported tubulin
parcels 20–40 s after photobleaching with that of individ-croscopy of the proximal-axonal segment in neurons
expressing GFP-EB1. Both anterograde and retrograde ual MTs before photobleaching (Figure 3C). The average
fluorescence intensities were 34.5  2.0 (n  66) andmovements of EB1 comets were detected (Figure S2
and Movie 3). Occasionally, we observed EB1 comets 132.5  5.5 (n  49) for tubulin parcels and individual
MTs, respectively (Figure 3C). Therefore, fluorescencemove from the cell body into the axon, and this move-
ment reflected entry of cell body generated MTs into intensity of tubulin parcels is about 4 times lower than
that of single MTs. To test the second prediction, wethe axonal shaft. The average rate of comet movement
in the anterograde direction (12.6  4.1 m/min; n  performed time-lapse imaging of tubulin parcels during
their movement through the bleached region. Both the116) was not statistically different from that of comet
movement in the middle axonal segment. Only six out shape and the length of tubulin parcels changed rapidly
and dramatically (Figure 3D and Movie 5). To test theof 116 comets (or 5%) moved at a rate higher than 20
m/min; the highest velocity was 24.1 m/min. third prediction, we decreased the duration of the shut-
ter opening to ensure that the photobleaching of theWe previously reported fast axonal transport of tu-
bulin-containing structures in Xenopus neurons by using axon was incomplete. This allowed for the simultaneous
visualization of transported tubulin parcels and individ-fluorescence speckle microscopy [7] and interpreted
these structures as tubulovesicular organelles con- ual MTs in the bleached zone. Figure 3E and Movie 6
illustrate the results of an experiment, where an approxi-taining tubulin. This question has been reexamined in
a recent photobleaching study [11]. Again, fast axonal mately 5-m-long tubulin-containing structure (the
longest tubulin parcel that we observed) was rapidlytransport of elongated (average length, 2.7 m) tubulin-
containing structures was detected. The authors of this transported along an MT. Such transport events were
routinely observed in flat axonal regions. Finally, as anstudy, however, suggested that observed structures
represent short MTs. To resolve the controversy sur- alternative to the photobleaching methods, we treated
GFP-tubulin-expressing neurons with 10M vinblastine.rounding interpretation of these experiments, we re-
peated photobleaching experiments on Xenopus neu- We reasoned that exposure to vinblastine would reduce
the concentration of nonpolymeric tubulin and facilitaterons expressing GFP-tubulin. Small axonal segments
were illuminated with a flash of an argon laser and im- the detection of transported tubulin parcels. Three min
after the onset of vinblastine incubation, elongated tu-aged at 1 s intervals. In agreement with the data reported
for sympathetic neurons [11], we observed rapid trans- bulin-containing structures could be detected in the ax-
onal shaft (Figure 3F and Movie 7). As in the photo-port of elongated fluorescent structures (tubulin “par-
cels”) (Figure 3A and Movie 4). The average velocity of bleaching experiments, tubulin parcels rapidly changed
their length and shape. Taken together, results of theseanterograde transport was 1.69  0.05 m/min (Figure
3B), and the average length of tubulin parcels was 2.3 experiments indicate that tubulin parcels and MTs differ
in fluorescence intensity and mechanical properties and0.5 m (n  26). Approximately 10% of tubulin-con-
taining structures were transported in the retrograde that at least some of the parcels are transported along
MTs.direction. The average velocity of retrograde transport
was 1.11  0.07 m/min (n  9). Therefore, transport One of the key elements of the polymer transport
model is the assumption that transported MTs are ableproperties of tubulin parcels are very similar between
Xenopus neurons and rat sympathetic neurons [11]. to grow and shorten [6, 14, 21–23, 27]. Because the
function of slow axonal transport is to provide new tu-If tubulin parcels represent short MTs, three specific
predictions can be made. First, their fluorescence inten- bulin for the elongation and turnover of existing MTs,
this notion is probably inescapable. In general agree-sity should correspond to that of individual MTs before
represents background-subtracted fluorescence intensity of individual MTs (arbitrary units, data from 49 MTs in seven neurons) and the
shaded bar represents fluorescence intensity of tubulin parcels (66 tubulin parcels in seven neurons). The scale bar represents 5 m.
(D) Series of fluorescence images of the bleached zone. The images were acquired at 1 s intervals approximately 10 s after photobleaching.
Overlaying two of the transported structures with red and blue facilitated their tracking. Time after the onset of recording is noted in seconds
at the upper left corner of each panel. The scale bar represents 5 m.
(E) (Left) Flat axonal region 70 s after photobleaching. Photobleaching of the axon was incomplete to allow for the simultaneous visualization
of single MTs and transported tubulin parcels. The middle panel represents images from the boxed region acquired at 1 s intervals. Time
after the start of time-lapse recording is in seconds. (Right) Transported tubulin parcel from the middle panel is shown in blue and the
underlying MT is shown in red. The scale bar represents 5 m.
(F) Fluorescence images (taken at 1 s intervals) of axonal segment  3 min after application of 10 M vinblastine. The tubulin parcel is
transported in the anterograde direction (to the right). Fluorescence intensity of the tubulin parcel at the trailing edge (marked with arrows)
changes significantly from frame to frame. Time after the start of recording is in seconds. The scale bar represents 5 m.
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